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The spectral shape of the synchrotron X-ray emission from SN 1006 reveals the fundamental role played by radiative
losses in shaping the high-energy tail of the electron spectrum. We analyze data from the XMM-Newton SN 1006 Large
Program and confirm that in both nonthermal limbs the loss-limited model correctly describes the observed spectra. We
study the physical origin of the observed variations of the synchrotron cutoff energy across the shell. We investigate the
role played by the shock velocity and by the electron gyrofactor. We found that the cutoff energy of the syncrotron X-ray
emission reaches its maximum value in regions where the shock has experienced its highest average speed. This result is
consistent with the loss-limited framework. We also find that the electron acceleration in both nonthermal limbs of SN
1006 proceeds close to the Bohm diffusion limit, the gyrofactor being in the range η ∼ 1.5 − 4. We finally investigate
possible explanations for the low values of cutoff energy measured in thermal limbs.
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1 Introduction
Synchrotron emission is a typical feature of supernova rem-
nants (SNRs). The characteristic radio-bright shell observed
in the majority of galactic SNRs (listed by Green 2009) is
commonly associated with ultrarelativistic electrons accel-
erated up to GeV energies at the expanding shock front.
The discovery of nonthermal X-ray emission in SN 1006
by Koyama et al. (1995) has clearly shown that diffusive
shock acceleration can boost the electrons up X-ray emitting
energies (as first predicted by Reynolds & Chevalier 1981).
This scenario has further been confirmed by the detection of
X-ray synchrotron emission in other young galactic SNRs
(Reynolds, 2008; Vink, 2012).
The presence of high-energy electrons in the shock
front of SNRs suggests that also hadron acceleration can
be at work. There is an emerging evidence of ultrarela-
tivistic ions in young SNRs, e. g., Tycho (Eriksen et al.
2011; Morlino & Caprioli 2012) and RCW 86 (Helder et al.
2009). Effects of hadron acceleration have been detected in
the southeastern limb of SN 1006 by Miceli et al. (2012),
who found an increase in the shock compression ratio in the
regions of the thermal limb that are closer to the northeast-
ern and southwestern nonthermal limbs. This indicates the
presence of shock modification induced by hadron accelera-
tion at the shock front. More recently, suprathermal hadrons
have been revealed also in the northwestern limb of SN
1006, by studying the variations in theHα broad line widths
⋆ Corresponding author: e-mail: miceli@astropa.unipa.it
and the broad-to-narrow line intensity ratios (Nikolic´ et al.,
2013).
At odds with hadrons, X-ray emitting electrons are ex-
pected to suffer significant radiative losses via synchrotron
emission. The timescale of synchrotron cooling is tsync =
12.5E−1100B
−2
100 yr, where E100 is the electron energy in units
of 100 TeV andB100 is the magnetic field in units of 100 µG
(Longair, 1994). The value of the magnetic field in young
SNRs can be estimated from the narrowness of the X-ray
synchrotron filaments (that are much broader in the radio
band) and is of the order of B100 ∼ 1−6 (e. g., Ballet 2006,
Vink & Laming 2003, Parizot et al. 2006). These values of
B imply that tsync < 100 yr for X-ray emitting electrons
with E100 ∼ 0.1. Also, the thinness of the X-ray shell in
young SNRs clearly shows that high-energy electrons cool
down very rapidly behind the shock front. Finally, in young
SNRs the synchrotron cooling time is expected to be compa-
rable to the acceleration time scale for electrons emitting X-
ray synchrotron radiation (see Miceli et al. 2013, hereafter
M13, for the case of SN 1006). It is then possible that the
maximum energy achieved by electron in the acceleration
process is limited by their radiative losses (i. e., it is loss-
limited, see Reynolds 2008). Two alternative mechanisms
can also be invoked to limit the maximum electron energy,
such as limited acceleration time available, and abrupt in-
crease in the diffusion coefficient due to the change in the
availability of MHD waves above some wavelength (i. e.,
the time limited, and escape limited scenarios, respectively,
see Reynolds 2008).
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The loss-limited scenario has been successfully
adopted to describe the global (i. e., extracted from
the whole SNR) X-ray spectrum of RX J1713.7-3946
(Zirakashvili & Aharonian 2010, Tanaka et al. 2008,
Uchiyama et al. 2007) and of Tycho (Morlino & Caprioli,
2012). Recently, M13 analyzed the deep observations of
the XMM-Newton SN 1006 Large Program and performed
spatially resolved spectral analysis of a set of small regions
in the southwestern and northeastern limbs (i. e., the
nonthermal limbs). SN 1006 is an ideal target, because its
simple bilateral morphology allows us to easily identify re-
gions where particle acceleration is at work and to compare
them with regions where electron acceleration does not
work efficiently (i. e. the thermal limbs, characterized by a
low surface brightness in the radio, X-ray, and gamma-ray
bands). M13 studied the X-ray data by adopting models
that assume different electron spectra and found that the
loss-limited model developed by Zirakashvili & Aharonian
(2007) provides the best fit to all the spectra extracted
from the nonthermal limbs. Their results show that the
loss-limited mechanism is at work in SN 1006 and that
radiative losses play a fundamental role in shaping the
electron spectrum.
According to the loss limited model, the cutoff fre-
quency in the X-ray synchrotron spectrum, ν0, depends
on the shock velocity and does not depends on the mag-
netic field, at odds with the time-limited and escape-limited
scenarios that predict a dependence of ν0 on B. In SN
1006 the shock velocity is expected to be fairly uniform
(Katsuda et al. 2009, hereafter K9) except in the northwest-
ern limb where the shock is slowed down by the interaction
with dense ambient material (Winkler et al. 2003, but see
also Katsuda et al. 2013). Therefore, it is difficult to explain
the pronounced small-scale and large-scale variations of ν0
observed across the SN 1006 shell (e. g., Miceli et al. 2009,
Katsuda et al. 2010) within the loss-limited framework. We
here extend the results presented in M13, by adding two
more regions in their spatially resolved analysis of the X-
ray spectra. Our final aim is to discuss the possible physi-
cal origins of the variations that the cutoff frequency shows
across the shell.
The paper is organized as follows: in Sect. 2 we present
the results of the X-ray data analysis; in Sect. 3 we discuss
the dependence of the cutoff frequency on the shock veloc-
ity and on the electron gyrofactor; and, finally, we summa-
rize our conclusions in Sect. 4.
2 Spectral analysis
We analyze the data of the XMM-Newton Large Program of
observations of SN 1006 (together with older XMM-Newton
observations) presented in M13. The data reduction was
performed with the Science Analysis System (SAS V12) by
adopting the procedures described in detail in Miceli et al.
(2012). Spectral analysis was performed in the 0.5 − 7.5
keV energy band by using XSPEC V12.
To describe the spectra, we here adopt the same ab-
sorbed loss-limited model as M13, based on the work by
Zirakashvili & Aharonian (2007). The unabsorbed model
spectrum has the form
SllX ∝ ν−2[1 + a(ν/ν0)0.5]11/4exp (−(ν/ν0)0.5) (1)
where a = 0.38 and the cutoff energy hν0 is a free param-
eter in the fit. We also include narrow Gaussians to account
for residual O VII and O VIII line emission (see M13 for
details).
Figure 1 shows the XMM-Newton EPIC image of SN
1006 in the 2− 4.5 keV band. Regions 1− 4 are those ana-
lyzed by M13, while we here analyze the spectra extracted
from regions 5 and 6. Region 5 is at the same distance from
the center of the shell as region 3, but it is closer to the
azimuthal center of the northeastern limb. Region 6 is ap-
proximately at the same distance from the center as region
4 and is slightly further away from the center than regions 3
and 5.
In these regions, the loss-limited model provides an ac-
curate description of the spectra and we obtained χ2 =
3173.7 (with 3033 d. o. f.) in region 5 and χ2 = 3079.9
(with 2874 d. o. f.) in region 6. The best-fit values of the
cutoff energy are hν0 = 0.286+0.007−0.006 keV and hν0 =
0.310± 0.009 keV in regions 5 and 6, respectively.
Figure 2 shows how the values of the cutoff energies in
spectral regions 1− 6 change with the projected distance of
the extracting region from the center of the shell. Regions 3
and 5, located at the same projected distance from the cen-
ter of the shell, show the same cutoff energy, though they
are at different azimuthal angles. The highest values of hν0
are reached in regions 1 and 2, that are those at the high-
est distance from the center of the shell. Both these regions
are located in the northeastern limb, where a shock break-
out is clearly visible. This breakout can be the result of the
propagation of the main shock in a locally rarefied medium.
3 Discussion
In the loss-limited scenario the cutoff energyE0 of the elec-
tron spectrum depends on 1/
√
B (e. g., Reynolds 2008).
Therefore the cutoff energy in the corresponding syn-
chrotron radiation (that is proportional to E20B) does not
depend on the magnetic field. In particular, it can be shown
(Zirakashvili & Aharonian 2007) that
hν0 =
2.2keV
η(1 +
√
κ)2
v23000
16
γ2s
(2)
where η is the gyrofactor (i. e., the ratio of the electron
mean free path to the gyroradius), κ is the magnetic field
compression ratio, v3000 is the shock speed in units of 3000
km/s, and γs is the power-law index of particles accelerated
at the absence of energy losses. Equation 2 shows that hν0
increases with the shock velocity. This is in agreement with
the general trend shown in in Fig. 2, which seems to sug-
gest that (in the nonthermal limbs) hν0 increases with the
distance from the center.
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Fig. 1 EPIC count-rate images of SN 1006 in the 2− 4.5
keV band (bin size 4′′). The regions selected for the spectral
analysis of the rim are superimposed. Regions 1 − 4 are
those analyzed by M13, while we here analyze the spectra
extracted from regions 5 and 6. North is up and east to the
left. The red circle indicates approximately the shape of the
shell and is centered at αJ2000 = 15h 02m54.22, δJ2000 =
−41◦ 56′19.6′′.
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Fig. 2 Values of the best-fit cutoff energy obtained in re-
gions 1− 6 of Fig. 1 (the values for regions 1 − 4 are from
M13) as a function of the distance of the extracting region
from the center of the shell (identified as the center of the
circle shown in Fig. 1). Error bars in the cutoff energy cor-
respond to the 90% confidence level, while the error bars
in the x-axis indicate the minimum and maximum projected
distance from the center for each region.
K9 have shown that the proper motion of the SN 1006
forward shocks is almost invariant over the whole north-
eastern limb (v ∼ 5000 km/s). They also found that there
is no significant velocity difference between the inner shock
(our region 5) and the outer shock (regions 1 and 2 of Fig.
1). Nevertheless, the significantly higher distance from the
center clearly indicates that the outer shock must have expe-
rienced a higher shock velocity than the inner shock during
the remnant evolution. We can therefore interpret the high
values of hν0 measured in regions 1 and 2 as the result of a
local enhancement in the shock speed.
On the other hand, the azimuthal profile of the cutoff
frequency across the rim of SN 1006 shows variations of
more than one order of magnitude. These variations have
been observed by adopting the SRCUT model, but similar
results, in terms of the value of hν0, can be obtained with
the loss-limited model (see M13). In particular, in the non-
thermal limbs the values of hν0 are systematically higher
than in the thermal limbs (see Rothenflug et al. 2004 and
Miceli et al. 2009). This result can hardly be explained as
an effect of fluctuations in the shock velocity only, since
unrealistic fluctuations by a factor > 3 should be invoked.
Another possibility is that the variations of hν0 are
associated with different values of the gyrofactor. The
loss-limited model adopted here assumes Bohm diffu-
sion1, that corresponds to η = 1. As first suggested by
Zirakashvili & Aharonian (2007), one can use Eq. 2 to ob-
tain estimates of deviation of the diffusion process from the
extreme Bohm condition, when the velocity of the SNR
shock front is known. If we assume v = 5000 km/s (as
measured by Katsuda et al. 2009) and we put γs = 4 and
κ =
√
11 (that is, the increase in the isotropic random
B field for a shock compression ratio r = 4), we obtain
η = 1.7 for hν0 = 0.448 keV (i. e. the value obtained by
M13 in region 1, see also Fig. 2). This result clearly indi-
cates that in region 1 the electron diffusion proceeds in a
regime that is very close to the Bohm limit. This conclu-
sion does not change if we assume that in the recent past
the shock velocity in region 1 has been higher than 5000
km/s, given that η depends only on the square root of v. For
example, we would have obtained η = 2.5, by assuming
v = 6000 km/s. In regions 3 and 5 (where hν0 = 0.29 keV,
see Fig. 2), we still obtain a low value for the gyrofactor
η = 3.8. There are no measures of the shock proper motion
in the southwestern limb of SN 1006, but by adopting the
realistic guess v = 5000 km/s, we obtain η ∼ 3.6 therein.
Even taking into account possible variations in the shock
speed, we can then conclude that in both nonthermal limbs
the electron diffusion is close to the Bohm conditions.
It is possible that the low values of the cutoff en-
ergy measured in the southeastern and northwestern thermal
limbs (Miceli et al. 2012, 2009) are associated with a much
higher value of the gyrofactor and of the electron mean free
path in these regions. However, we point out that the spec-
1 In general, the shape of the cutoff in the X-ray spectrum depends on
the nature of the diffusion process, as shown by Blasi (2010)
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tral analysis carried in Sect. 2 and in M13 has proven that
the loss-limited model is at work in the nonthermal limbs.
It is not possible to accurately study the shape of the X-ray
synchrotron emission in thermal limbs because of the dom-
inant contribution of thermal emission from shocked ejecta
and shocked ambient medium (the latter being significant
at high energies, as shown by Miceli et al. 2012). There-
fore, we cannot exclude that a mechanism different from
the radiative losses limits the maximum electron energy in
the thermal limbs of SN 1006. In any case, a dependence
of particle injection and/or acceleration (and diffusion) on
the shock obliquity must be invoked to explain the observed
low values of the cutoff energy in the thermal limbs.
4 Conclusions
Different studies have shown that the roll-off frequency of
the X-ray synchrotron emission is significantly higher in the
northeastern rim of SN 1006 than in its southwestern rim (e.
g. Bamba et al. 2008). As shown in Fig. 2, this difference
originates in the outer northwestern shock only (regions 1
and 2 in Fig. 1), where hν0 reaches its highest values. This
result is in agreement with expectations, since, as shown by
M13, the loss-limited scenario is at work in the nonthermal
limbs of SN 1006, and it predicts that the cutoff energy in-
creases with the square of the shock speed (and the outer
northeastern shock is the region located at the highest dis-
tance from the center of the shell). We therefore conclude
that the hardest X-ray emission of the northeastern limb can
be an effect of the high shock speed in its outer shock.
We also verified that in both nonthermal limbs the elec-
tron diffusion proceeds at a regime that is very close to
the Bohm limit, with values of the gyrofactor in the range
∼ 1.5 − 4. The low values of hν0 in thermal limbs can
instead be due to a much larger deviation from the Bohm
conditions (η >> 1). However, it is not possible to ex-
clude that in thermal limbs both the acceleration process and
the mechanism that limit the energy achieved by the elec-
trons are different from those that are at work in nonthermal
limbs, possibly because of the different shock obliquity.
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